ABSTRACT Field observation, Þeld cages, and laboratory arenas were compared as methods to estimate daily per capita consumption for larvae of Harmonia axyridis Pallas (Coleoptera: Coccinellidae) and Chrysopa nigricornis Burmeister (Neuroptera: Chrysopidae), the two most abundant predators of Hyalopterus pruni Geoffroy (Hemiptera: Aphididae) in prune orchards in CaliforniaÕs Central Valley. Daily per capita consumption increased with larval size, and the highest estimates were obtained from the Þeld observation method and the lowest from the laboratory arena method for both predator species. Possible explanations for differences between estimates for each method are explored in detail, the most important of which is the need to measure both biomass killed and biomass consumed, because H. axyridis consumed nearly all of each prey item, whereas C. nigricornis always killed more biomass than they consumed. This study suggests that the laboratory arena method can lead to underestimation of daily consumption and that Þeld cages may be more appropriate for quantifying daily consumption when prey are colonial and predators are relatively immobile. For highly mobile predators or predators of dispersed prey, the Þeld observation method, combined with observations of both the duration and pattern of feeding activity throughout the day, is the best option for quantifying daily per capita consumption.
It is generally thought that generalist predators can play an important role in helping to suppress crop pests, although it has proven difÞcult to assess their role and to quantify their impact , Musser et al. 2004 . Predators can impact prey populations either directly through consumption of prey or indirectly through disruption of the normal activity and vital rates of the prey (Kunert and Weisser 2003, Nelson et al. 2004) . Although nonconsumptive effects of predation can in some cases be as important as consumptive effects (Peckarsky et al. 2008) , we focus here on quantifying the consumptive effects of insect predation. The most frequent approach to the study of insect predation has been to focus on the predatorÕs functional response (Tenhumberg 1995 , OÕNeil 1997 , Jervis 2005 , Pervez and Omkar 2005 . However, Dixon (2000) argues that functional responses are of little value in understanding predation by coccinellids because experimental design often inßuences the shape of the response. He further argues that conÞnement of predators in artiÞcial arenas for a speciÞc period of time can cause uncharacteristic behavior and that low prey densities are irrelevant for many aphidophagous predators given that larvae are primarily conÞned to patches of high prey density selected by the parent female. Thus, in cases where a predator faces an excess of prey, searching time is minimized, and the key question becomes, how much can a predator eat?
Estimating consumption by insect predators has proved difÞcult because the interaction between a predator and its prey is very brief, a matter of minutes in most cases, which severely reduces the chances of detection by an observer; very often there are few if any remains of the prey that can be detected after the event (Mills 2005) . When prey are sessile, such as eggs and pupae, and detectable remains are left by predators, observations of percent predation offer direct estimates of the impact of predators under natural Þeld conditions (Andow 1990 (Andow , 1992 , or in some cases, sentinel prey can be useful indicators of the impact of predation (Cook et al. 1994 (Cook et al. , 1995 . Gut content analysis using immunological or molecular markers can also be used effectively to identify the speciÞc types of prey in a predatorÕs diet or the proportion of predators in a population that have recently fed on speciÞc prey, but currently these techniques do not provide quantitative estimates of daily per capita consumption (Symondson 2002 , Harwood and Obrycki 2005 , Gariepy et al. 2007 ). Thus, in most cases, the impact of predation must be estimated indirectly as a predation rate based on a combination of (1) predator abundance and (2) daily per capita consumption. Although methods to address the former have been studied comparatively (Musser et al. 2004) , surprisingly few studies have attempted to compare different methods for estimating daily per capita consumption. The available methods have been regularly reviewed (Kiritani and Dempster 1973; Grant and Shepard 1984; Luck et al. 1988; Sunderland 1988; Mills 1997 Mills , 2005 and include visual observations of predator populations in the laboratory (Xia et al. 2003) and Þeld (Mills 1982 , Van den Berg et al. 1997 , Costamagna and Landis 2007 , Þeld cages stocked with predators (Dennis and Wratten 1991) , Þeld cages that exclude predators (Tamaki and Long 1978 , Chambers et al. 1983 , Hopper et al. 1995 , and small laboratory arenas (Chambers and Adams 1986) .
Consumption rates in the laboratory, where prey densities are artiÞcially high and search requirements are low, are thought to overestimate the effectiveness of predation in the Þeld (Kiritani and Dempster 1973; Grant and Shepard 1984; Luck et al. 1988; OÕNeil 1989 OÕNeil , 1997 . Laboratory studies suffer from the conÞnes of a simpliÞed artiÞcial environment and, whereas they may provide useful leads to the real world, their results can often only be extrapolated to the Þeld with considerable caution (New and Whittington 2001) . Field estimates are considered more accurate, but are seldom used because of practical difÞculties (Grant and Shepard 1984) . Small size, nocturnal activity, and cryptic behavior can contribute to the difÞculty of observing and measuring predation under natural conditions (OÕNeil 1997, Naranjo and Hagler 2001) .
To highlight the sources of variation that arise from the estimation of predation, we compare three methods to quantify daily consumption rates of the two most abundant predators, Chrysopa nigricornis Burmeister (Chrysopidae) and Harmonia axyridis Pallas (Coccinellidae) of the mealy plum aphid, Hyalopterus pruni Geoffrey (Aphididae). We estimate daily consumption rate both as biomass killed or biomass consumed for a range of larval instars of both predator species, and compare Þeld observation, Þeld cages, and laboratory arenas as methods of estimation. Our exclusion of adults of the two predators from this study was not to diminish the importance of their contribution to predation but to avoid the added complications of dispersal and diapause status in estimating the impact of predation.
Materials and Methods
Field Observation. Direct observation can yield realistic quantitative data in circumstances where the prey can be easily identiÞed and the predators can be observed without disturbance (Sunderland 1988) . We estimated daily consumption rate from the proportion of time that a predator spends feeding during the day under Þeld conditions in relation to the average time taken to consume a unit weight of aphid prey under laboratory conditions (Edgar 1970 , Kiritani et al. 1972 . The daily consumption rate (R), expressed as milligrams prey consumed per predator per day, is given by:
where t a (minutes) is the period of a day during which the predator is active in the Þeld, f is the proportion of time an average predator spends feeding in the Þeld, and t c is the time that an experimental predator individual takes to consume a unit biomass of prey in the laboratory (min/mg prey consumed) (Mills 2005) .
While predatory Heteroptera are primarily noctural in their activity (Pfannenstiel and Yeargan 2002, Van Laerhoven et al. 2003) , many other insect predators and parasitoids are primarily diurnal (Nakamura 1997 , Ewing et al. 2002 , Pfannenstiel and Yeargan 2002 , Hougardy and Mills 2007 . Although we know of no studies on the diel activity patterns of the larvae of C. nigricornis and H. axyridis, we follow Dixon (2000) in assuming that aphidophagous predator larvae are diurnal. The daylength in northern California during midsummer when our Þeld observations were conducted is 15.5 h, and to allow for completion of feeding events that continue after dusk, we assumed that t a was 16 h. The proportion of time spent feeding by larvae of each of the two predators (f) for each instar was estimated from a series of point observations on a set of individual predators in the Þeld. Observations were made on eight separate occasions, in three prune orchards in the Sacramento Valley of California, in May and June 1997 and in June and July 2000, the period of peak predator abundance in each of the 2 years. Point observations were made on 30 trees in each orchard chosen to represent a range of densities of H. pruni. Our sampling efforts could not fully span the daily 16-h activity periods; rather, observations were repeated four times, at 2-h intervals from 10:00 to 18:00 hours on each occasion each year. For each round of observations, the full circumference of the outer mid-canopy of each tree (3Ð 4 m in height) was searched for predators for 4 min, noting predator species, instar, and activity. Activity was categorized as feeding or not feeding. Point observations were summed across years, occasions, orchards, and trees. Thus, the proportion of time spent feeding was calculated as the total number of observed feeding events divided by the total number of point observations for each predator species and each larval instar.
To determine the time taken to consume a unit biomass of aphid (t c ), predators of various instars were collected from the Þeld and stored overnight at 20ЊC without aphids. Each predator was weighed using a Cahn microbalance and offered a single aphid of known weight in a small petri dish lined with moistened Þlter paper at 22ЊC. To estimate t c , the time interval between Þrst attacking the aphid and the predator moving away from the attacked aphid was noted visually and divided by the biomass of aphid consumed. Initial results pointed to the importance of distinguishing between biomass of aphid consumed versus biomass of aphid killed. In a second series of assays with a different set of Þeld-collected predator larvae, we accounted for both the initial weight of the aphid and the weight that was not consumed. The number of individual predators tested in each series is given in Table 1 . Aphids and aphid remains were measured as fresh weight.
Field Cage. When measuring consumption using Þeld cages, it is important to use predator and prey densities and search areas that mimic those that occur naturally (Dennis and Wratten 1991, Messina and Sorenson 2001) . In a prune orchard near Yuba City in the Sacramento Valley, CA, individual Þeld-collected predators from a range of larval instars (C. nigricornis, n ϭ 24; H. axyridis, n ϭ 25) were enclosed in Þne-mesh sleeve cages (36 by 22 cm) over young shoots (5Ð25 leaves) infested with from 50 to 300 aphids, in June 2002. Initial Þeld observations indicated that single predators commonly occurred on shoots at these aphid densities.
An effort was made to remove adult aphids from the selected shoots to eliminate the recruitment of additional aphids through reproduction, before the aphids were counted and enclosed in a sleeve cage with an individual predator larva. After 24 h of exposure to predation, the remaining aphids were counted, and the predators were placed in a cooler and taken to the laboratory within a few hours to measure fresh weight. To control for possible recruitment or losses from factors other than predation, two separate sets of sleeve cages containing aphids without predators (C. nigricornis, n ϭ 12; H. axyridis, n ϭ 16) were used to control for background change in aphid numbers in the absence of predation. Any difference in initial and Þnal aphid numbers was expressed as a proportional change a ϭ (N tϩ1 Ϫ N t )/N t , which varied from positive (1.06) caused by reproduction by adult aphids that we failed to remove, to negative (Ϫ0.63) caused by aphid mortality. The mean proportional change from each set of control cages was used to correct the initial aphid numbers (1 ϩ a )N t in the sleeve cages for each predator treatment.
For comparative purposes, daily per capita number of aphids killed was converted to biomass killed per predator per day by mean aphid weight. Mean aphid weight was estimated from 34 leaves sampled from control and treatment sleeves (29 Ð127 aphids/leaf), for which total aphids on each leaf were counted and weighed to determine an average weight per aphid on each leaf.
Laboratory Arena. Larvae of C. nigricornis and H. axyridis were collected from the Þeld and left overnight with excess prey to approximate Þeld conditions. Colonies of aphids (30 Ð 40 mg) comprising a range of instars were collected from single shoots in the Þeld and placed together with single predator larvae (C. nigricornis, n ϭ 23; H. axyridis, n ϭ 24) on moistened Þlter paper in 100-ml clear plastic cups with lids. Although Þlter paper was used in place of prune leaves as a surface for the predator larvae and consequently could have inßuenced consumption rates, it was selected to minimize the likelihood of adult aphids reproducing during the course of the assay. Aphids were exposed to predators for 24 h at a Þeld daylength (L:D 16:8) and a constant temperature of 22ЊC, approximating the average Þeld temperature. Aphids were weighed before and after exposure to the predators, taking care to separate aphids from predator frass, and predators were weighed after feeding. Separate sets of controls (C. nigricornis, n ϭ 12; H. axyridis, n ϭ 10) were used to estimate the average change in aphid weight in the absence of predators, calculated as the proportion of the initial aphid weight lost, and were used to correct initial aphid weights in the predation treatments. Daily consumption rates were expressed as mg aphid consumed per predator per day.
Statistical Analysis. 2 tests were used to examine the variation in proportion of time spent feeding between predator species, instars, and times of day. StudentÕs t-tests were used to compare means, with proportions arcsine square root transformed before testing. Variation in mean consumption rates and predator weights among the three methods were examined with analysis of variance (ANOVA), and multiple comparison tests were conducted using the Holm-Sidak method. The relationship between predator size and daily per capita consumption was estimated by linear regression forced through the origin. Variation among regression slopes from the three different methods of estimation was examined using analysis of covariance (ANCOVA) and TukeyÕs honestly signiÞcant difference (HSD) test for multiple comparisons. All tests were conducted at signiÞcance level ␣ ϭ 0.05.
Results
Field Observation. In total, 1,289 point observations of C. nigricornis larvae and 970 point observations of H. axyridis larvae were made. The proportion of time spent feeding did not vary among C. nigricornis instars ( 2 ϭ 0.47, df ϭ 2, P ϭ 0.79; Fig. 1a ). There was signiÞcant variation in the proportion of time spent feeding among H. axyridis instars ( 2 ϭ 14.68, df ϭ 3, P ϭ 0.002; Fig. 1a) , and this was because of the greater proportion of time spent feeding by Þrst-instar larvae because there was no signiÞcant variation when second to fourth instars were considered alone ( 2 ϭ 5.52, df ϭ 2, P ϭ 0.06). C. nigricornis larvae spent a greater proportion of their time feeding than H. axyridis larvae (C. nigricornis, 0.34; H. axyridis, 0.21; 2 ϭ 42.82, df ϭ 1, P Ͻ 0.001). The level of C. nigricornis feeding activity varied signiÞcantly throughout the day ( 2 ϭ 15.99, df ϭ 8, P ϭ 0.04; Fig. 1b) , ranging from 0.17 (1700 Ð1800 hours) to 0.38 (1200 Ð1300 and 1600 Ð1700 hours), whereas that of H. axyridis ßuctuated between 0.16 and 0.24 for most of the day but did not show signiÞcant variation ( 2 ϭ 5.15, df ϭ 8, P ϭ 0.74; Fig. 1b) .
The Þeld-collected C. nigricornis larvae used to determine the time taken to consume a unit biomass of aphid ranged in size from 0.82 to 18.53 mg (series 1) and from 3.66 to 24.93 mg (series 2) and were fed aphids ranging in size from 0.04 to 0.52 and 0.19 to 0.75 mg, respectively. In comparable trials, H. axyridis larvae ranged in size from 2.12 to 35.44 mg (series 1) and from 1.01 to 33.69 mg (series 2) and were fed aphids ranging in size from 0.09 to 0.47 mg and 0.10 to 0.70 mg, respectively. In series 1 assays, H. axyridis larvae were signiÞcantly larger than C. nigricornis larvae (t ϭ 3.23, df ϭ 42, P ϭ 0.002), and H. axyridis took signiÞcantly longer to consume a unit biomass of aphid (t ϭ Ϫ3.53, df ϭ 42, P ϭ 0.001), but there was no difference in mean daily per capita biomass killed (t ϭ 1.46, df ϭ 41, P ϭ 0.08; Table 1 ). In the series 2 assays, the C. nigricornis and H. axyridis larvae were the same size (t ϭ 0.35, df ϭ 38, P ϭ 0.73), and the mean time to consume a unit biomass of aphid was slightly greater for H. axyridis, although not signiÞcantly so (t ϭ Ϫ1.84, df ϭ 38, P ϭ 0.07; Table 1 ). Fifty percent of the H. axyridis larvae consumed the entire prey item they were given, but in no case did C. nigricornis larvae consume an entire prey item. In this series of assays, we measured mean daily per capita biomass consumed in addition to mean daily per capita biomass killed, and the former showed no difference between larvae of C. nigricornis and H. axyridis (t ϭ 0.97, df ϭ 36, P ϭ 0.34; Table 1 ). Mean daily per capita rates of biomass killed for C. nigricornis were notably similar in series 1 and 2 (t ϭ Ϫ0.03, df ϭ 40, P ϭ 0.98) as they were for H. axyridis (t ϭ Ϫ0.55, df ϭ 37, P ϭ 0.0.58; Table 1 ). Field Cages. The individual H. axyridis larvae were signiÞcantly larger (16.8 Ϯ 2.3 mg) than the C. nigricornis larvae (8.5 Ϯ 1.0 mg, t ϭ Ϫ3.25, df ϭ 49, P ϭ 0.002) and thus the sleeve cages were set up to contain signiÞcantly more aphids initially in the H. axyridis treatments (165.9 Ϯ 10.5 aphids) than in the C. nigricornis treatments (68.9 Ϯ 4.8 aphids, t ϭ Ϫ8.28, df ϭ 49, P ϭ 0.001). Mean numbers of aphids killed per day was 37.3 Ϯ 8.0 for C. nigricornis larvae and 70.1 Ϯ 10.1 for H. axyridis larvae (t ϭ Ϫ2.53, df ϭ 49, P ϭ 0.02), but the mean proportion of prey killed was not signiÞcantly different between larvae of C. nigricornis (0.47 Ϯ 0.12) and H. axyridis (0.41 Ϯ 0.05, t ϭ 1.30, df ϭ 49, P ϭ 0.20). Converting from number of aphids killed to biomass killed, using a mean aphid weight of 0.1776 Ϯ 0.0063 (SE) mg (n ϭ 34) gave daily rates of 12.43 Ϯ 1.80 mg/d for H. axyridis and 7.32 Ϯ 1.45 mg/d for C. nigricornis (t ϭ Ϫ2.20, df ϭ 49, P ϭ 0.03).
Laboratory Arenas. Mean larval weights of the two predators were not signiÞcantly different (C. nigricornis, 11.6 Ϯ 1.0 mg; H. axyridis, 15.9 Ϯ 2.6 mg; t ϭ Ϫ1.52, df ϭ 45, P ϭ 0.14), and there was no signiÞcant difference in mean biomass consumed between predator species (C. nigricornis, 6.00 Ϯ 0.87 mg/predator/d; H. axyridis, 8.52 Ϯ 1.09 mg/predator/d; t ϭ Ϫ1.79, df ϭ 45, P ϭ 0.08). C. nigricornis larvae were initially presented with a signiÞcantly greater mean aphid biomass (t ϭ 7.90, df ϭ 45, P Ͻ 0.001) and thus consumed a signiÞcantly smaller mean proportion of aphid biomass (0.21 Ϯ 0.03) than H. axyridis larvae (0.39 Ϯ 0.05, t ϭ Ϫ2.90, df ϭ 45, P ϭ 0.005).
Comparative Estimates of Daily Per Capita Consumption. Because mean daily temperature (22ЊC) and activity periods (16 h) were the same for all three methods and mean predator weights for each species did not vary among methods (ANOVA: H. axyridis, F 2,67 ϭ 0.10, P ϭ 0.91; C. nigricornis, F 2,68 ϭ 3.10, P ϭ 0.51), it seems reasonable to compare the three estimates of mean daily per capita consumption. There was signiÞcant variation among methods (H. axyridis, F 2,67 ϭ 5.65, P ϭ 0.005; C. nigricornis, F 2,68 ϭ 8.34, P Ͻ 0.001; Fig. 2 ), with greater rates estimated from Þeld observation (series 1 assays) than from laboratory arenas for both predator species. Further comparison showed that daily per capita consumption increased proportionally with larval size for both H. axyridis and C. nigricornis (Fig. 3) , and a separate ANCOVA for each predator species indicated signiÞcant variation among slopes (H. axyridis, F 3,64 ϭ 17.34, P Ͻ 0.001; C. nigricornis, F 3,65 ϭ 28.32, P Ͻ 0.001). Daily per capita consumption increased most rapidly with predator size for estimates of biomass killed from Þeld observation and least rapidly for estimates of biomass consumed from laboratory arenas.
To highlight the importance of distinguishing between prey killed and prey consumed, we used the series 2 assays to compare Þeld observation estimates of both daily per capita biomass killed and consumed in relation to predator size. For H. axyridis, both biomass killed and biomass consumed were proportional to larval weight over the full range of weights, and the slopes were not signiÞcantly different (t ϭ 0.20, df ϭ 36, P ϭ 0.84; Fig. 4b ). For C. nigricornis, however, there was an upper limit to both biomass killed and biomass consumed in relation to larval weight (Fig. 4a) . For smaller larvae (Ͻ12 mg), the regressions for C. nigricornis were not signiÞcant (biomass killed F 1,11 ϭ 0.08, P ϭ 0.78, R 2 ϭ 0.01; biomass consumed F 1,11 ϭ 4.56, P ϭ 0.06, R 2 ϭ 0.29), but the means for larger larvae (Ͼ12 mg) were signiÞcantly different (biomass consumed ϭ 14.1 Ϯ 2.0 mg/d, biomass killed ϭ 24.3 Ϯ 3.4 mg/d, t ϭ 2.69, df ϭ 12, P ϭ 0.02). Thus, these data clearly show that, whereas biomass killed and biomass consumed are typically equivalent for predators that entirely consume their prey (H. axyridis), the former is signiÞcantly larger than the latter for predators that only partially consume their prey (C. nigricornis).
Discussion
ConsumerÐresource relationships play a central role in ecology inßuencing not only the dynamics of populations but also the ßow of energy through food webs. Predators can impact prey populations both directly through prey consumption and indirectly through behavioral disruption (Peckarsky et al. 2008 ). In evaluating the overall impact of predators on prey 3 . The relationship between daily per capita biomass consumed and predator size estimated by Þeld observation (___ࡗ___), Þeld cages (….fÉ.), and laboratory arenas (Ñ-OEÑ-) for larvae of (a) C. nigricornis (y ϭ 1.39x, F 1,22 ϭ 7.83, P ϭ 0.01; y ϭ 0.86x, F 1,24 ϭ 15.51, P Ͻ 0.001; and y ϭ 0.50x, F 1,22 ϭ 6.56, P ϭ 0.02, respectively) and (b) H. axyridis (y ϭ 1.03x, F 1,19 ϭ 11.47, P ϭ 0.003; y ϭ 0.69x, F 1,25 ϭ 30.88, P Ͻ 0.001; and y ϭ 0.45x, F 1,23 ϭ 14.62, P Ͻ 0.001, respectively).
Fig. 4.
The relationship between daily per capita biomass consumed and predator size for larvae of (a) C. nigricornis and (b) H. axyridis taking into account the difference between biomass killed (ÑfÑ) versus biomass consumed (ÑࡗÑ), based on Þeld observations. For H. axyridis, biomass killed y ϭ 1.66x, F 1,18 ϭ 7.63, P ϭ 0.01, R 2 ϭ 0.30; biomass consumed y ϭ 1.45x, F 1,18 ϭ 8.07, P ϭ 0.01, R 2 ϭ 0.31.
populations, the importance of disruption will depend not only on the ratio of disturbance to consumption events (Nelson and Rosenheim 2006) , but also on the cost of disturbance events to the prey population (Nelson 2007) . In contrast, consumption events have a known cost, and it is important to know numbers of prey killed when determining the effects of predators on prey population dynamics (Chambers and Adams 1986 , Trouve et al. 1997 , Van den Berg et al. 1997 , Messina and Sorenson 2001 or when estimating search efÞciency and attack rates in the context of predator functional responses (Stark and Whitford 1987 , OÕNeil 1989 , Atlihan et al. 2004 ). Alternatively, biomass consumption is more suitable for population models that describe energy ßow through trophic webs (Gutierrez 1996 , Gutierrez et al. 1999 ) that estimate a predatorÕs developmental numerical response (Murdoch 1970 , Zheng et al. 1993 ) and that estimate a predatorÕs conversion efÞciency (Soares et al. 2005) . However, the ways in which predator consumption rates are reported in the literature are inconsistent and can lead to confusion. Some studies consider prey killed as equivalent to prey consumed (Burke and Martin 1956 , Simpson and Burkhardt 1960 , Krishnamoorthy and Mani 1982 , Balasubramani and Swamiappan 1994 , others exclude partially eaten prey from their calculations (Samson and Blood 1980, Chen and Liu 2001) , and only a few clearly distinguish between numbers of prey killed and amount of biomass consumed (Klingen et al. 1996 , Lucas et al. 1997 , Soares et al. 2004 ). This study of three different methods to estimate the daily per capita consumption rates of H. axyridis and C. nigricornis larvae highlight this ambiguity and provided some surprising results. For example, Þeld observation is considered more accurate and reliable than other methods (Musser et al. 2004 ) because predators can be observed without disturbance under natural environmental conditions and sampling is nondestructive, and this method gave the highest estimates of daily per capita consumption in our study. In contrast, the conventional belief is that estimates of consumption from laboratory arenas are artiÞcially high because of the absence of a requirement for search (OÕNeil 1997) , and yet this method provided the lowest estimates of daily per capita consumption in our study.
There may be several factors, however, to explain why our Þeld observations generated higher estimates of consumption than the other two methods (Fig. 2) . First, as predators were left overnight without aphids before being used in the consumption time per unit biomass assays, they may have eaten prey items more quickly than they would in the Þeld, again increasing the estimate of biomass killed from the level of feeding activity. Second, biomass killed could also have been overestimated if the predators were active for fewer than the assumed 16 h/d. Third, the level of feeding activity of predators in the Þeld may also have been overestimated if feeding activity was higher during that period of the day when our observations were made (10:00 Ð18:00 hours), with lower levels of feeding activity early morning and evening. Finally, other factors, such as overall levels of predator activity being longer under natural Þeld conditions than under artiÞcial laboratory conditions, and feeding predators being more easily detected than nonfeeding individuals during Þeld observation, may also have had an inßuence.
As expected, daily per capita consumption rates increased with predator size for all three methods and both predators (Fig. 3) . The upper limit to daily per capita consumption rates for C. nigricornis in the series 2 assays (Fig. 4) was probably because of the larger size of the individuals used and the fact that they may have been nearing pupation. The daily per capita consumption rates in relation to predator size were also greater for Þeld cages than for laboratory arenas for both predator species (Fig. 3) . The most likely explanation for this difference is that the former method estimated biomass killed from measurements of numbers killed converted through mean aphid weight, which implicitly assumes that prey items were entirely rather than partially consumed, whereas the latter method measured actual biomass consumed. However, the series 2 assays showed that H. axyridis larvae almost completely consumed the prey item given, whereas C. nigricornis larvae do not consume exoskeletons and therefore always kill more biomass than they consume (Cohen 1995) . In view of this, it is surprising that the difference in daily per capita consumption between laboratory arenas and Þeld cages was apparent for H. axyridis as well as for C. nigricornis. Thus, in contrast to popular belief, the artiÞcial nature of laboratory arenas may in fact lead to underestimation of per capita consumption in comparison to Þeld cages for aphidophagous predators.
Previous data on daily per capita consumption rates of H. axyridis larvae are mostly from laboratory-rearing studies: 11Ð30 aphids/d (Hukusima and Kamei 1970) and 23.3 aphids/d (He et al. 1994) . These rates are 20 Ð 60 and 33Ð50% of our laboratory arena estimates, respectively. However, Koch (2003) noted that H. axyridis larvae show a wide range of daily consumption, and larvae of other coccinellid species exhibit daily rates within the range of our laboratory arena and Þeld observation estimates (Xia et al. 2003, Pervez and Omkar 2005) . There are no previous estimates of daily per capita consumption for C. nigricornis, but chrysopids as a group have been widely studied. Thus, our Þeld cage estimates of numbers killed per day by C. nigricornis larvae are similar to those reported for Chrysopa oculata (Simpson and Burkhardt 1960) , Chrysoperla carnea (Balasubramani and Swamiappan 1994) , and Chrysoperla rufilabris (Burke and Martin 1956) . However, Chen and Liu (2001) found rates for C. rufilabris to be less than half of our lowest estimate. Some variation in daily consumption between aphid and predator species is to be expected, and so these earlier studies conÞrm that the estimates from this study are well within the probable range for these two taxa of aphidiphagous predators.
From our comparative study of different methods for the estimation of daily per capita consumption for larval predators of aphids, two key results have emerged. First, laboratory arenas gave the lowest estimates of daily per capita consumption for both aphidophagous predators, and second, that biomass killed is not equivalent to biomass consumed for predators that only partially consume their prey. The former has implications for which methods to use in quantifying consumption by insect predators, whereas the latter highlights an important distinction that must be taken into account in assessing the overall impact of predator consumption on prey populations and the use of models to evaluate insect predation. For example, a predator that only partially consumes prey, but requires the same prey biomass to complete its growth and development as another predator that totally consumes its prey, will have a greater potential to impact its prey population.
Whether laboratory arenas more generally underestimate daily per capita consumption is unknown and deserves further attention. However, small Þeld cages provide an effective alternative and may be generally appropriate for assessing daily per capita consumption for prey that are relatively immobile, form large colonies, and are relatively undisturbed by the presence of predators, such as for Coccidae, Pseudococcidae, Aleyrodidae, and some Acari. As pointed out by Luck et al. (1988) , Þeld cages can prevent some predators from emigrating, with the result that the same area is searched repeatedly. This effect is likely to be much more pronounced for highly mobile predators, such as adult stage predators and heteropteran nymphs, and those feeding on relatively dispersed prey, such as lepidopteran larvae, but of little consequence for juvenile stage predators of colonial prey. For highly mobile predators or predators of dispersed prey, Þeld observation is the only method likely to provide more accurate estimates of daily consumption. Point observations are best used when predators are abundant, as in this study, to provide a representative estimate of daily consumption across a broad range of individuals. For less abundant predators, it is necessary to monitor individuals over Þxed periods of time, such as 4 h (Rosenheim et al. 1999) , and in this case, a sufÞcient number of individuals are needed to provide an adequate representation of feeding activity.
